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The flaW, flaU, and flaV genes of Salmonella typhimurium LT2 were cloned into pBR322, These genes were
mapped on the cloned DNA fragments by restriction endonuclease analysis and construction of the deletion
derivatives. Their gene products were identified, by the minicell method, as proteins whose molecular weights
were estimated to be 59,000 for the flaW product, 31,000 for the flaU product, and 48,000 for the flaV product.
These values are identical to those of three species of hook-associated proteins (HAPs), namely, HAP1, HAP3,
and HAP2. Furthermore, antibodies against HAP1, HAP3, and HAP2 specifically reacted with the gene
products of flaW, flaU, and flaV, respectively. Therefore, we concluded that they are structural genes for
HAPs. The antibodies against HAP1 and HAP3 also specifically reacted with the gene products of flaS and flaT
of Escherichia coli, respectively. This indicates that these gene products are HAPs in E. coli. This result is
consistent with the demonstration that flaS and flaT of E. coli are functionally homologous with flaW and flaU

of S. typhimurium.

A bacterial flagellum consists of three distinct parts, i.e., a
basal body, a hook, and a filament, and is inferred to be
assembled in this sequence (1, 4, 5, 11, 16, 31). From genetic
analysis of a large number of nonflagellate mutants, ca. 30
genes essential for flagellar formation have been identified in
Salmonella typhimurium (14, 26, 35a). Among them, the
mutants defective in HIl and H2, flaL, flaV, flaU, or flaW
have been shown to produce basal bodies with hooks but
lacking filament portions (10, 32). This suggests that these
genes play essential roles in filament formation, i.e., the final
step of flagellar assembly. In fact, it has been shown that H/
and H2 are the structural genes for flagellin, which is the
component protein of filaments (12). In mutants defective in
flaL, active mRNA for flagellin was not detected (31). Thus,
the flaL gene was inferred to be necessary for the transcrip-
tion of flagellin genes. On the other hand, the flaV, flaU, or
flaW mutants produce as much flagellin as do Fla™* strains.
Although the flagellin molecules produced by these mutants
are able to polymerize in vitro at the same efficiency as those
of Fla* strains, they cannot polymerize in vivo and are
excreted into the culture medium (8). Therefore, these three
genes are essential for in vivo polymerization of flagellin
molecules at the tip of hooks (9, 10).

It had been believed that hooks were composed of a single
kind of protein (19) which is the flaFV gene product (27).
However, by analyzing hooks from the mutants defective in
HI and H2 or flaL, we showed that three species of minor
proteins are present at the tip of hooks (9, 10). They were
termed hook-associated proteins (HAPs), namely HAP1 (M,
= 59,000), HAP2 (M,, = 53,000 or 48,000), and HAP3 (M,, =
31,000). Furthermore, we showed that the hooks from the
flaV, flaU, or flaW mutants lack one or more HAPs. The
hooks from the flaV mutant contain HAP1 and HAP3 but
lack HAP2; those from the flaU mutant contain only HAP1;
and those from the flaW mutant contain a very small amount
of HAP3 but lack HAP1 and HAP2. Thus, it has been
inferred that flaV, flaU, and flaW control the presence of
HAP2, HAP3, and HAP1 in hooks.
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From the above inference and related information (9), it is
possible that flaV, flaU, and flaW are the structural genes for
HAP2, HAP3, and HAPI, respectively. This work was
carried out to confirm this assumption. We cloned the three
genes with Escherichia coli as the host, because E. coli has
advantages for the use of recombinant DNA techniques.
Furthermore, almost all of the fla genes in S. typhimurium
and E. coli are functionally homologous, and the chromo-
somal alignment is entirely the same in these two bacterial
species (26, 35a). As a result, we obtained the DNA frag-
ments harbored in plasmid pBR322 which restored motility
to fIbC, flaS, and flaT mutants of E. coli corresponding to
AaV, flaW, and flaU mutants of S. typhimurium, respec-
tively. Then we determined the locations of the flaV, flaW,
and flaU genes of S. typhimurium on the cloned DNA
fragments and identified their gene products as HAPs.

MATERIALS AND METHODS

Bacterial strains and plasmids. All of the bacterial strains
used in this work are listed in Table 1. E. coli strains are
derivatives of E. coli K-12. Plasmids used in this work are
described in Table 1 and the text.

Media. L broth, L agar plates, and semisolid agar plates
have been described previously (10). M9 salts contained (per
liter of distilled water): Na,HPO,, 5.8 g; KH,PO,, 3.0 g;
NaCl, 5.0 g; and NH,CI, 1.0 g. Antibiotics used and their
respective concentrations were as follows: ampicillin, 30
pg/ml; and tetracycline, 10 pg/ml.

Manipulation of DNA. Conventional recombinant DNA
techniques were performed as described by Maniatis et al.
(29). The chromosomal DNA of S. typhimurium was pre-
pared as described previously (26a).

Cloning of fla genes of S. typhimurium. The chromosomal
DNA of S. typhimurium, digested by a restriction endo-
nuclease, was ligated by T4 DNA ligase into pBR322 di-
gested by the same endonuclease. The recombinant DNA
was introduced into a fla mutant of E. coli EKK9 by the
calcium chloride procedure (29), and then the cells were
inoculated in lines on semisolid agar plates containing anti-
biotics. The fla mutant chosen either is defective in the fla
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TABLE 1. Bacterial strains and plasmids

Bacterial strain or

Relevant genotype or comment Reference

plasmid
S. typhimurium Prototroph 15
LT2
E. coli
YK102 F~ his argE thyA thi rpsL uvrC 24
mtl xyl pyrC46 gyrA
YK405 F~ araD139 lacU169 rpsL thi 23
) pyrC46 gyrA thyA
YK410 F~ araD139 lacU169 rpsL thi 23
pyrC46 gyrA thyA his
YK2047 flaM of YK102 27
YK4402 flaZ of YK410 20
YK4443 fla$ of YK410 Komeda,
unpublished
data
YK4431 flaT of YK410 22
YK4104 flaD of YK410 33
YK4130 hag of YK410 21,22
YK1101 fbC of YK410 21,22
UH869 F~ minA minB mgl(?) rpsL S. Harayama,
recA unpublished
data
TH912 F~ minA minB rpsL 7
KH802 F~ met supE gal hsdR hsdM™ 35
EKK9 F~ thr leu met hsdR hsdM supE 26a
MHEI101 flaM of EKK9 This study
EKK11 hag of EKK9 26a
Plasmid
pBR322 bla* tet* 2
pLC24-46 ColE1 hybrid plasmid carrying 23

the region I flagellar genes

gene which is to be cloned or is defective in a fla gene which
is closely linked to the fla gene to be cloned. Transformed
cells which formed swarms, i.e., spreading colonies, on the
plate after incubation for 1 day were picked. After the
transformed cells were grown in L broth, plasmid DNA was
prepared from them by lysis with sodium dodecyl sulfate
(SDS) (29) and reintroduced into the fla mutant by transfor-
mation. The antibiotic-resistant colonies were selected and
tested for motility by sticking them into a semisolid agar
plate. Motile clones thus obtained were kept and used for
large scale preparation of plasmid DNA.

Isolation of Bal 31 deletion derivatives from pMH41. Plas-
mid pMH41 was digested by BamHI. The digested sample
was incubated at 60°C for 15 min and then digested by
nuclease Bal 31 (Bethesda Research Laboratories,
Rockville, Md.). The Bal 31-digested DNA and EcoRI linker
(Takara, Kyoto, Japan) were mixed and treated with T4
DNA ligase. The ligated DNA was introduced into KH802
by transformation selecting for ampicillin resistance. Plas-
mid DNA prepared from the resulting transformants was
digested by EcoRI and analyzed by agarose gel electropho-
resis to estimate its molecular size.

Minicell method. The proteins programmed by a plasmid
were analyzed by the minicell method as described by Reeve
(30), with the following modifications. A 0.5-ml stationary-
phase culture of a minicell-producing strain, UH869 or
TH912, harboring the plasmid was inoculated into 250 ml of
L broth with or without antibiotics. After 12 to 15 h of
incubation at 37°C with vigorous shaking, the culture was
centrifuged at 4,000 X g for 10 min to roughly remove viable
cells. The resultant supernatant was recentrifuged at 22,000
X g for 20 min. The pellet was suspended in 1 ml of SG buffer
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(0.15 M NaC(l, 4.2 mM Na,HPO,, 2.2 mM KH,PO,, 0.01%
gelatin) and layered on top of sucrose gradient which was
produced by freezing and thawing 32 ml of a solution of 20%
(wt/vol) sucrose in SG buffer twice in a vertically positioned
tube. The tube was centrifuged at 5,000 rpm for 15 min in a
Beckman SW27 rotor. The minicell band (7 ml) was har-
vested with a syringe. After 10 ml of SG buffer was added to
the minicell suspension, the minicells were collected by
centrifugation at 27,000 X g for 10 min. They were sus-
pended in 4 ml of SG buffer, and the absorbance of the
suspension at 660 nm was measured. The minicells were
collected again by centrifugation and suspended in methio-
nine labeling buffer (2.6 g of methionine assay medium
[Difco Laboratories, Detroit, Mich.] in 100 ml of M9 salts) to
give an absorbance of 1 at 660 nm. This minicell suspension
can be stored for at least 1 week at 0°C.

After 100 pl of the minicell suspension was incubated at
35°C for 5 min, 1 pl of [**SImethionine (10 mCi/ml, 990
Ci/mmol, Amersham Corp., Arlington Heights, Ill.) was
added, and the mixture was incubated for 30 min. The
minicells were harvested by an Eppendorf centrifuge,
washed, and suspended in 50 pl of TN buffer (50 mM
Tris-hydrochloride [pH 7.8], 0.5% NaCl); 10 nl of TDG
buffer (0.4 M Tris-hydrochloride [pH 6.8], 6% SDS, 38%
glycerol, 0.004% bromophenol blue) and 5 pl of 2-
mercaptoethanol were then mixed into the suspension. The
mixture was heated at 100°C for 10 min and subjected to
electrophoresis and fluorography.

Isolation of a protein specifically reacting with antibody
from minicells. Minicells, which were radioactively labeled
as above, were suspended in 100 pl of 1% SDS solution and
heated at 100°C for 10 min. The SDS-solubilized suspension
was diluted with 0.9 ml of TNET buffer (50 mM Tris-hydro-
chloride [pH 7.8], 0.15 M NaCl, S mM EDTA, 1% Triton
X-100). The resultant suspension was centrifuged for 10 min
in an Eppendorf centrifuge. The supernatant was mixed with
10 pl of trypsin inhibitor solution (1 mg/ml), 10 pl of antibody
solution, and 10 mg of protein A-Sepharose CL-4B
(Pharmacia Fine Chemicals, Inc., Uppsala, Sweden). The
mixture was incubated at 4°C for 12 h with shaking. The
protein A-Sepharose was collected by the Eppendorf centri-
fuge and washed with 0.5 ml of TNET buffer. This washing
procedure was repeated three times. The precipitate of
protein A-Sepharose was suspended in 65 ul of the mixture
(15 pl of 10% SDS, 35 pl of distilled water, 10 pl of TDG
buffer, 5 pl of 2-mercaptoethanol). This suspension was
heated at 100°C for 10 min and subjected to electrophoresis
and fluorography.

Electrophoresis and fluorography. SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed by the method
of Laemmli (28).

After electrophoresis, an SDS-PAGE gel was shaken in
methanol-acetic acid-water (5:1:4) for 1 h, and then
fluorography was performed by the dimethyl sulfoxide-2,5-
diphenyloxazole (DMSO-PPO) method of Bonner and
Laskey (3) or the En*Hance method of New England Nu-
clear Corp., Boston, Mass. The DMSO-PPO method was as
follows. The gel was processed twice by 15-min soaks in
DMSO with gentle shaking at 40°C, followed by a 30-min
soak in 25% (wt/vol) solution of the scintillator PPO in
DMSO with gentle shaking at 40°C. The gels were rehy-
drated in water for 1 h and dried thoroughly. The En*Hance
method was as follows. The gel processed by being soaked in
En’Hance, with gentle shaking for 1 h, was rehydrated in
water and dried thoroughly. The dried gel was exposed to a
Kodak X-Omat AR film at —70°C.
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pMH4 (A)

pBR322 (B)

FIG. 1. Motility recovery of the fla mutants by pMH4. Plasmids
pMH4 (A) and pBR322 (B) were introduced into the fla mutants as
follows: lane 1, YK2047 (FlaM™); lane 2, YK4402 (FlaZ"~); lane 3,
YK4443 (FlaS™); and lane 4, YK4431 (FlaT ). The single colonies of
ampicillin-resistant transformants were inoculated in a semisolid
agar plate and incubated at 37°C for 10 h.

RESULTS

Cloning of the flaW and flaU genes of S. typhimurium.
Chromosome DNA prepared from S. ryphimurium LT2 was
digested by EcoRI and ligated with a plasmid vector,
pBR322, at the EcoRI site. A flaM mutant (MHE101) of E.
coli was transformed by the resulting plasmids. The flaM
gene is homologous with the flaFIX gene of Salmonella spp.
Since the flaFIX gene is closely linked to the flaW and flaU
genes (35a), we expected that the DNA fragment containing
the flaFIX gene might also contain the flaW and flaU genes.
One pBR322 clone with an additional EcoRI fragment which
restored motilily to the flaM mutant was obtained. This
plasmid contained an 11-kilobase (kb) EcoRI fragment and
was named pMH4. In addition to the flaM mutant, pMH4
restored motility to the flaZ, flaS, or flaT mutants of E. coli
(Fig. 1). These three genes are homologous with the flaFX,
flaW, and flaU genes of Salmonella organisms. Therefore,
we concluded that pMH4 at least contains the flaFIX, flaFX,
AaU, and flaW genes of S. typhimurium.

A deletion derivative, pMH41, was constructed from .

pMHA4 by digestion with BamHI and ligation. It contained a
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5.4-kb DNA fragment of S. typhimurium and restored motil-
ity to the E. coli fla mutants in the same way as did the
original plasmid pMH4. We determined the cleavage sites of
Sall, Mlul, and Hpal on pMH41, and deletion derivatives
were constructed from pMH41 by using Sall or Hpal (Fig.
2). A deletion derivative, pMH42 (ASall), restored motility
to the flaM or flaZ mutants but not to the flas or flaT mutants
of E. coli. This indicates that the Sall cleavage site of the
cloned fragment on pMH42 is located either within the flaW
gene or in a spacer region between the flaFX and flaW gene,
since the order of the genes is flaFIX-flaFX-flaW-flaU (26,
35a). The other plasmid, pMH411 (AHpal), restored motility
to only the flaT mutant of E. coli. Therefore, one of the Hpal
cleavage sites of S. typhimurium must be located either
within the flaFIX gene or nearby, and the other one must be
located either within the flaW gene or in a spacer region
between the flaU and flaW genes.

Deletion derivatives were constructed from pMH41 by Bal
31 digestion and ligation with an EcoRI linker (Fig. 3).
Among them, the #4r plasmid restored motility to the flaS
mutant of E. coli, but the #7r plasmid with a larger deletion
did not. These results indicate that one end of the flaW gene
of S. typhimurium is located in the region which is present in
the #4r plasmid but absent from the #7r plasmid. This end is
inferred to be distal, since the direction of transcription is
from flaW to flaU (K. Kutsukake, unpublished data). In the
same way, it was shown that one end of the flaFX gene of S.
typhimurium is located in the region which is present in the
#36 plasmid but absent from the #22 plasmid. A further
deletion derivative was constructed from the #3b plasmid by
Mlul digestion and ligation (Fig. 3). The resulting plasmid,
#3bAMIul, restored motility to the flaS mutant but not to the
flaM or flaZ mutants of E. coli. This shows that the flawW
gene of S. typhimurium is located right outside of the Miul
site.

Cloning of the flaV gene of S. typhimurium. Cloning of the
flaV gene was carried out in a manner similar to that
described in the foregoing section. One pBR322 clone with a
BamHI fragment which restored the motility to a hag mutant
(EKK11) was obtained. Since the hag gene corresponds to
the HI gene of Salmonella spp., which is closely linked to
the flaV gene (35a), we expected that the DNA fragment
containing the H/ gene might also contain the flaV gene.
This plasmid, pKK1301, contained a 12-kb BamHI fragment.
In addition to the hag mutant, pKK1301 restored miotility to
the fIbC or flaD mutant of E. coli. These two genes cor-

Motility recovery of

Plasmid the mutants
map name flaM flaz flas flaT
E E
| IQKQ_ pMH4 + + + +
—d T
B -
Tleny S0 wfp 2
h— + +
. 1 1 PMH41 + +
———— —  ASall — PMH42 + + - -
: - - - +
C——7 " AHpal . ) PMH411

FIG. 2. Linearized physical map of plasmids carrying the flaW or flaU gene and motility recovery in the fla mutants. The motility recovery
assay was carried out as described in the legend to Fig. 1. Symbols: single line, S. ryphimurium DNA; and double line, pBR322 DNA.
Restriction endonuclease sites are labeled as follows: B, BamHI; E, EcoRl; H, Hpal; M, Mlul; and S, Sall.
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FIG. 3. Bal 31 deletion derivatives from pMH41 and motility recovery of the fla mutants. The motility recovery assay was carried out as
described in the legend to Fig. 1. Symbols are the same as in the legend to Fig. 2.

respond to the flaV and flaL genes of Salmonella spp.
Therefore, we can conclude that pKK1301 at least contains
the flaV, HI, and flaL genes of S. typhimurium. ,
Plasmids pMH83 and pMH87 were obtained from
pKK1301 by digestion with Sall and ligation (Fig. 4). These
two carried the same Sall fragment of S. typhimurium but
differed from each other in the orientation of the fragment.
Both of them restored motility to the flbC or hag mutant but
not to the flaD mutant of E. coli. The cleavage sites of
EcoR1, Mlul, HindIll, Sacll, and Sall were mapped on the
plasmids, and then deletion derivatives were constructed
(Fig. 4). Plasmid pMH823 (AHindIIl of pMHS83) restored

motility to the fIbC and hag mutants of E. coli, but plasmid
pMHS872 (AEcoRI of pMH87) did not restore motility to
either of the mutants. Plasmid pMH822 (AEcoRI of pMH83)
recovered motility to the hag mutant only. Therefore, the
0.45-kb fragment of EcoRI in the cloned fragment is inferred
to contain at least a part of the flaV gene of S. typhimurium,
and one end of the flaV gene seems to be located between the
EcoRlI site of pMH872 and the HindIII site of pMH823. The
HI gene of S. typhimurium has been cloned and also shown
to be located in the 2.6-kb fragment between the Sall site and
the EcoRlI site of pMH822, and the HI promoter is located at
the region about 350 base pairs apart from the EcoRlI site (Y.

Motility recovery of

Plasmid the mutants

map name fl1bC hag flaD

C | ) KK1 + + +

B S"SQ::,-. s""s"~---... /'S
1 A A < S & =

p | L1 PMH83 + + -
———— AMlul ————— PpMHS821 + + NT
— AHindIIX — — PMH823 + + NT
c— AECcORI 1 . ) pPMH822 - + NT

S EE CS Cpp

C ) ASacII t—3 PMH871 NT
C T AEcoRI o PMH872 - - NT

FIG. 4. Linearized physical map of plasmids carrying the flaV gene and motility recovery of the fla mutants. The plasmids were introduced
into the fla mutants as follows: YK1101 (FIbC~); YK4130 (Hag™); and YK4104 (FlaD ™). Motility recovery assay was carried out as described
in the legend to Fig. 1. NT, Not tested. Symbols are the same as in the legend to Fig. 2, except for the following restriction endonuclease sites:
H, HindIIl; and C, Sacll.
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Inoue, personal communication). Therefore, the other end of
the flaV gene seems to be located between the HI promoter
region and the EcoRI site of pMH872.

Identification of the flaW, flaU, and flaV gene products.
Gene products programmed by the various plasmids con-
structed in the foregoing sections were analyzed by the
minicell method. On the basis of the correspondence of
genes inferred to exist in the plasmids to the appearance of
the radioactively labeled proteins, the flaU gene was found
to encode the 31,000-molecular-weight protein (e.g., the 31K
protein) detected in pMH41 and pMH411 by SDS-PAGE
(Fig. 5). Instead of the 31K protein, 15K protein was
detected in the detection plasmid #3b.

By a similar method, the flaW gene was found to encode
the 59K protein detected in plasmids pMH41, #3b, #4b,
#4r, and #3bAMIul (Fig. 5). Instead of the 59K protein,
62K, 40K, and 31K proteins were detected in plasmids #7r,
pMH42, and #27 respectively (Fig. 5).

By a similar method, the flaV gene was found to encode
the 48K protein detected in plasmids pMHS823, pMH821, and
pMH871 (Fig. 6). The 52K protein, which was detected in
plasmids pMH822, pMH823, pMHS821, and pMHS871, might
be flagellin, namely the HI gene product, because its mo-
lecular weight has been estimated to be 52,000 by SDS-
PAGE (25).

Reaction between the flaW, flaU, and flaV gene products and
antibodies against HAPs. In a previous report (10), it was
shown that flaW, flaU, and flaV control the presence of
HAP1, HAP3, and HAP2, respectively. The molecular
weights of HAP1, HAP3, and HAP2 were estimated to be
59,000, 31,000, and 48,000, respectively (10). These values
are identical to those of the flaW, flaU, and flaV gene
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FIG. 5. Identification of the laW or flaU gene product. Proteins
were radioactively labeled in minicells containing plasmids as fol-
lows: lane 1, pMH411; lane 2, #3bAMiul; lane 3, pMH41; lane 4,
#3b; lane 5, #4b; lane 6, #4r; lane 7, #7r; lane 8, pMH42; and lane
9, #27. The proteins were analyzed by electrophoresis in a 10%
polyacrylamide gel and fluorography. Molecular weight markers are
as follows: bovine serum albumin (69,000 [69K]), ovalbumin (45K),
carbonic anhydrase (30K), and lactoglobulin (18.4K).
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FIG. 6. Identification of the flaV gene product. Proteins were
radioactively labeled in minicells containing plasmids as follows:
lane 1, pMH822; lane 2, pMH823; lane 3, pMHS821; lane 4, pMHS872;
and lane 5, pMHB871. The proteins were analyzed by electrophoresis
in a 10% polyacrylamide gel and fluorography.

products which were shown in the foregoing section. These
facts strongly support the conclusion that flaw, flaU, and
AaV are the structural genes for HAP1, HAP3, and HAP2,
respectively. To confirm this, we examined how the gene
products of flaW, flaU, and flaV specifically reacted with
antibodies against HAP1, HAP3, and HAP2, respectively
(Fig. 7 and 8). As was expected, antibodies against HAP1
and HAP3 specifically reacted with the S9K and 31K pro-
teins, respectively, among the radioactively labeled proteins
programmed by pMH41, and antibody against HAP2 specifi-
cally reacted with the 48K protein among the radioactively
labeled proteins programmed by pMHS823.

The 15K protein programmed by plasmid #3b also specifi-
cally reacted with anti-HAP3 antibody, and the 62K, 40K,
and 31K proteins programmed by plasmids #7r, pMH42,
and #27, respectively, also specifically reacted with anti-
HAPI1 antibody (data not shown). Thus, these proteins may
be abnormal products of the flaU and flaW genes caused by
the deletions of parts of the plasmids.

A 48K protein was also deétected in the radioactively
labeled proteins programmed by pMH822, even though it did
not have the flaV gene (Fig. 8). Its molecular weight was
slightly different, and the protein did not react with antibody
against HAP2 (data not shown). Therefore, the 48K protein
of pMH822 was determined not to be the flaV gene product.
The relative amounts of the HI and flaV gene products were
considerably different among the plasmids used in Fig. 6.
This may reflect the difference in DNA fragments of S.
typhimurium, the influence of the location of the fragmernts
in the vector, or both. »

Correspondence between the flaS and flaT gene products of
E. coli to the flaW and flaU gene products of S. typhimurium.
The flaW, flaU, and flaV genes of S. typhimurium are
homologous with the flaS, flaT, and fibC genes of E. coli,
respectively (21, 26, 35a). Although the fIbC gene product of
E. coli has not been identified yet, the gene products of flaS
and flaT of E. coli have been identified through specific
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FIG. 7. Protein specifically reacting with antibody against HAP1
or HAP3. Proteins were radioactively labeled in minicells containing
either the plasmid pMH41 carrying the flaW and flaU genes of S.
typhimurium (A) or plasmid pMH105 carrying the flaS and flaT
genes of E. coli (B). The proteins were incubated with anti-HAP1
antibody (lanes 1), not incubated with antibody (lanes 2), or incu-
bated with anti-HAP3 antibody (lanes 3). The protein reacting with
each antibody was isolated with protein A-Sepharose CL-4B. The
proteins of (A) and (B) were analyzed by electrophoresis in 10 and
12% polyacrylamide gels, respectively, and fluorography.

protein synthesis by lambda hybrid phages carrying these fla
genes, and the molecular weights of their polypeptides,
estimated by SDS-PAGE, were 60,000 for flaS and 35,000 for
AaT (23).

We examined whether or not the gene products of flaS and
AaT of E. coli reacted with antibodies against HAP1 and
HAP3. The HindIII fragment (6.7 kb), which restored motil-
ity to the flaZ, flaS, or flaT mutant of E. coli, was subcloned
into pBR322 from pL.C24-46 which has been shown to carry
these fla genes (23). Antibodies against HAP1 and HAP3
specifically reacted with 60K and 35K proteins, respectively,
among the radioactively labeled proteins detected in the
minicell carrying the subcloned plasmid pMH105 (Fig. 7).
This result indicates that the 60K and the 35K proteins are
HAPs in E. coli. On a 12% SDS-PAGE gel, the mobility of
the flaS gene product of E. coli estimated as 60K protein was
the same as that of the flaW gene product of S. typhimurium
estimated as S9K protein (data not shown). Therefore, the
difference between the estimated molecular weights of the
corresponding gene products may be attributed to the differ-
ence in the SDS-PAGE conditions employed. On the con-
trary, the mobility of the flaT gene product of E. coli
estimated as 35K protein was distinctly different from that of
the flaU gene product of S. typhimurium estimated as 31K
protein (data not shown).

DISCUSSION

The genes HI or H2, flaL, flaV, flaU, and flaW are
essential for filament formation (10). Among them, the gene
products of flaW, flaU, and flaV, which control the presence
of HAP1, HAP3, and HAP2, respectively (10), were identi-
fied by cloning these genes (Fig. 5 and 6). Their molecular
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<« flagellin
Y HAP2

DMH823

FIG. 8. Protein specifically reacting with anti-HAP2 antibody.
Proteins were radioactively labeled in minicells containing the
plasmid pMH823. They were either not incubated with antibody
(lane 1) or incubated with anti-HAP2 antibody (lane 2). The protein
reacting with the antibody was detected as described in the legend to
Fig. 7A.

weights have been estimated by SDS-PAGE as 59,000 for the
flaW product, 31,000 for the flaU product, and 48,000 for the
flaV product, which are identical with those of HAPI,
HAP3, and HAP2, respectively. Furthermore, we showed
that these gene products specifically reacted with antibody
against HAP1, HAP3, or HAP2 (Fig. 7 and 8); therefore, we
can conclude that those genes are the structural genes for
HAPs.

The locations of the HAP genes are illustrated on linear-
ized physical maps from the following lines of evidence and
inferences (Fig. 9). Taking the value of 110 as the average
molecular weight of an amino acid, proteins with molecular
weights of 59,000, 31,000, and 48,000 should be encoded in
DNA fragments of 1.6, 0.85, and 1.3 kb, respectively. From
the correspondence of the regions deleted in the derivative
plasmids and complementation behavior of the mutants by
the plasmids carrying these genes, the complete fla genes

E M M M it M 3
() I A A
Tt
59K Dr,oteln 31'? proteln
HAP1 HAP3
(B i i [ .10
| ——— L
flav
48K protein 52K protein
HAP2 flagellin

FIG. 9. Correspondence between the flaW, flaU, flaV, and HI
genes and their products and locations on the physical maps of the
plasmids pMH41 (A) and pMH823 (B). Symbols are the same as in
the legend to Fig. 2.
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were inferred to be present or absent in derivative plasmids
(Fig. 2—4). Based on the physical maps of the plasmids (Fig.
9), we estimate that a spacer region between flaW and flaU
is very small. No gene has been identified between them, and
they are closely linked to each other. flaW and flaU belong to
the same transcriptional unit (K. Kutsukake, unpublished
data). The molecular weights of abnormal proteins pro-
grammed by the deletion derivatives (Fig. 5) conform to the
deletions of the genes estimated from the locations of the
genes in Fig. 9.

The DNA sequence has been determined in the promoter
region of HI in Salmonella spp. or the homologous gene,
hag, in E. coli (34). The results indicated that another gene,
rfs, may be transcribed toward the opposite direction from
the promoter region of the flagellin gene HI or hag. This
gene might be identical with flaV of Salmonella spp. or flbC
of E. coli, because the location is adjacent to HI or hag on
the same side as rfs (21, 35a). A part of the flaV gene must be
located in the EcoRI fragment of 0.45 kb, which is placed at
ca. 0.35 kb apart from the HI promoter region on pMH823
(Fig. 9). Therefore, we can regard the N-terminal region of
rfs as that of flaV, and the location of the flaV gene is shown
on the map of Fig. 9.

Two species of HAP2 have been identified by different
molecular weight, 53,000 or 48,000 (9, 10). HAP2 with a
molecular weight of 53,000 (53K HAP2) was identified from
the study of the strains which seem to have the flaV gene
from Salmonella sp. strain SJ925 with the gt-type flagellin
gene, and 48K HAP2 was identified from the strains which
have the flaV gene from S. typhimurium LT2 with the i-type
flagellin gene. We cloned the flaV gene from S. typhimurium
LT2 in this study. The gene product with a molecular weight
of 48,000 specifically reacted with anti-HAP2 antibody (Fig.
8), although the antibody had been prepared from 53K HAP2
(9). On the other hand, it has been shown by im-
munoelectron microscopic observation that the antibody is
bound to the top of the hook structure which is composed of
53K HAP2, but it is not bound specifically to the top of that
which is composed of 48K HAP2 (9). This means that the
antigenic specificities of the structure surface are different
between S3K HAP2 and 48K HAP2, which still hold the
common antigenic site concealed in the structure. The
common antigenic site may reflect a functional domain of
HAP2.

The gene products of flaS and flaT of E. coli, correspond-
ing to flaW and flaU of Salmonella spp., also reacted with
antibodies against Salmonella HAP1 and HAP3, respec-
tively (Fig. 7). This means that flaS and flaT of E. coli are
also the structural genes for HAPs, and they have common
antigenicity in these two species. The antigenicity of flagellar
filaments is very heterogenous among bacterial species (12).
However, the antigenicity of flagellar hooks is less
heterogenous than that of filaments (17, 18). Compared with
the hooks, filaments are the target for strong selection
pressure in immune system of animals, because filament
length is ca. 10 wm (13), but hook length is no more than 50
nm (10). Moreover, bacterial motility is inhibited by antifila-
ment serum but not by antihook serum (10). The fact that
antibodies against HAP1 and HAP3 of Salmonella spp.
reacted with those of E. coli may suggest that the antigenici-
ties of HAP1 and HAP3 are not so heterogenous among
bacterial species.

The final step of flagellar assembly, i.e., filament forma-
tion, requires the HI or H2, flaL, flaV, flaU, and flaW genes
(10). HI and H2 have been shown to be the structural genes
for flagellin (12). It has been inferred that flaL is the gene for
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a positive regulator of the HI, H2, flaV, flaU, and flaW genes
(K. Kutsukake, unpublished data). In the present study, it
was shown that flaV, flaU, and flaW are the structural genes
for HAPs. Therefore, all six genes responsible for the
filament formation step have been correlated with their
specific functions.
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